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ABSTRACT
Pulsed deuterium NMR experiments have been performed on deuterated sam­
ples of poly(vinylidene fluoride), PVF>, repeat unit C H 2CF2 and the copolymer 
poly(vinylidene fluoride)-tetral]uoroethylcne (80-20), (PVF; - F 4E). A  deuterium fine 
shape study has been employed to characterize the orientational distribution ol' the 
dipole moments in both poled and unpoled samples. In addition, the orientational 
distributions of chain axis alignment has been measured in stretched samples.
PVF2 and PVF2- F 4E exhibit unique piezoelectric and pyroelectric properties 
which are due to their crystalline components (approximately 50% in typical 
material). Four cystalline phases exist in the homopolymer (PVF2), the 
at, 0, 7 , and the S. T he relatively electrically inactive, melt solidified at phase can be 
transformed into the ferroelectric 0  phase by mechanical deformation (stretching) or 
by application of large electric fields (poling- 200 Mv/meter). The copolymer melt 
solidifies directly into the 0  phase. The 0  phase is characterized by a net dipole 
moment per unit cell due to the parallel alignment of the CF2 dipole moments in the 
unit cell. The orthorhombic unit cell dimensions of the 0  phase render a nearly pseu- 
dohexagonal packing structure of the molecular chains and is thought to allow for 
dipole reorientations via 60° steps during the poling process.
The orientationally dependent quadrupole interaction has been used to charac­
terize the orientational distributions o f  the molecular dipole m om ents about the pol­
ing direction in both poled and unpoled samples of PVF, and PVF2- F 4E. No orienta­
tional dependence was found in either the poled or unpoled samples. This is in con­
trast to recent x-ray results which report substantial orientational anisotropy in 
rolled, poled protonated films. We have also measured the degree of chain axis 
alignment in stretched samples o f  both PVF, and PVF2- F 4E. Alignment in both sam ­
ples is characterized by a gaussian distribution function about the stretch direction 
with a half width 1/e maximum of 22° and 18° respectively.
The characterization of the experimental results was done by comparing com ­
puter simulated line shapes with the experimental line shapes.
A N U C L E A R  M A G N E T IC  R E S O N A N C E  STUDY O F  
D E U T E R A T E D  P O L Y (V IN Y L ID E N E  F L U O R ID E ) AND A 
C O P O L Y M E R  O F  D E U T E R A T E D  V IN Y LID EN E F L U O R ID E  
AND T E T R A F L U O R O E T H Y L E N E
Chapter I 
INTRODUCTION
The polymer poly(vi»ylidene fluoride), PVF2, has been known for many decades 
but has only in the last 10 to 15 years become a topic of intense study. Its unique 
piezoelectric and pyroelectric properties were first reported on in 1969.1 These electri­
cal characteristics are a consequence of the macroscopic polarization induced in the 
polymer by the application of large electric fields.1-4 The polymer’s physical con­
sistency is very similar to Saran wrap. Its special electrical properties combined with 
its mechanical durability have made it very popular for many uses, i.e., ultrasonic 
transducers,1,3,5'6 stress-wave monitors,1 pressure measuring devices,1,6 and infrared 
detectors.1,7' 8
As a consequence of its commercial applications, it is not surprising to find 
numerous reports on its structure, crystallization and morphology.1,9-11 Included in 
these reports is a very extensive review article by Lovinger (1983) covering the histori­
cal development, recent experimental studies and discussions on theoretical models of 
PV F ,.1 We note that his review will be referenced frequently in the following report 
but by no means exclusively. Several techniques have been employed to study the 
properties of PVF2 : x-ray diffraction,U8,11-16 infrared spectroscopy,1,7,17-20 electron 
diffraction,1 high resolution N M R ,1,21-22 wideline N M R 1,9,23 and dielectric 
studies.1,8,24-28
PVF2, polymerized from the monomer unit C H ,= C F ,,1,4 contains approximately 
a 50/50 mixture of amorphous and crystalline com ponents.1,4 The molecular structure 
consists of a carbon backbone with two protons and two fluorines attached alternately 
to the carbon atom s.1,4 The amorphous region plays very little role in the macros­
copic electrical properties.1,6,9,12,28 The cystalline portion of the polymer can exist in 
four different phases.1,10-11 The process used to produce the polymer film and the
3film’s thermal and mechanical history determine the crystalline phase found in the 
film.1’11 O f the four phases, the o, /?, 'y, and 8  phases, the phase is the most electri­
cally active1 and is the phase that will be reported on in this work. The /? phase con­
tains two molecules per unit cell.1’14 The molecular unit CF, has an electrical dipole 
moment of 7 .0x l0-?° C cm,29 bisecting the two C-F bonds ( figure 1.1). The 
molecules are oriented in the unit cell such that there is a net dipole moment per unit 
cell.1*4 That is, all the dipole moments of the CF, groups in the unit cell are parallel.4 
The electrical properties exhibited by the polymer are thought to be due to the 
reorientation of the dipole moments in the unit cell.1'2’4*8’2?’30"31 When an external 
electric field is applied, the dipoles align themselves in a cooperative manner along 
the applied field. Several models for the reorientational process have been pro­
posed, 1>12,26>29 but the experimental data are still inconclusive as to how this process 
takes place.1 Regardless of the mechanism, the end result is that the polymer 
molecules rotate about their long axes.1 A nother question still unresolved concerns 
the orientational distribution function of the b-axis (polar axis) before and after pol­
ing.20,29,32 The NMR experiments performed here address both these issues in order 
to gain a fuller understanding of the microscopic behavior of this material.
Deuterium NMR has been used extensively to study the orientational properties 
of many systems at the molecular level.33-43 Its use has proved invaluable in determin­
ing the molecular orientations and molecular dynamics in many polymer system.37, 43-
45 Quadrupolar broadening of the deuterium NMR spectrum provides information on 
the orientation of the molecule (carbon-deuterium (C-D) bond orientation in our
specific case) containing the deuterium nucleus with respect to an applied magnetic
field. The quadrupole moment of the deuterium nucleus (spin 1) interacts with a local
electric field gradient to produce an orientalionally dependent splitting of the three
level, spin 1 system.33,46 The splitting is a function of the angle between the applied
magnetic field and the C-D bond.33,34 By inspection of the resulting line shapes, it is
possible to infer qualitative as well as quantitative information about the molecular
dynamics and orientational properties.35-37,44-45
4We rcporl here a nuclear magnetic resonance line shape study of deuterated 
PVF, and its copolymer poly(vinylidenc fluoride) - tetrafluoroethylcne, P V F ,-F 4E. 
The purpose of these experiments is to characterize the orientational distribution 
functions f($) and g(^) of the carbon-deuterium bonds as a function of stretching and 
electrical polarizing (poling). The angle 0 refers to the orientation of the chain axis 
with respect to the stretch direction. The angle <■> refers to the orientation of the elec­
tric dipole moments with respect to the direction of the applied poling field. We will 
address the questions raised above by the use of line shape analysis and comparison 
to simulated line shape calculations. What is the orientational distribution of chain 
axes in stretched films? To what extent do the dipole moments reorient upon poling 
and what is the final orientational distribution of dipole moments characterizing these 
films? Do the reorientations take place via 180° flips as has been originally proposed' 
or is the process performed via 60° steps as has been recently suggested?
D ip o le  
r^omCatr
Figure 1.1 : Monomer unit of PVF2 
showing the net dipole 
moment
Chapter  II
EXPERIMENTAL PROCEDURE
2.0 NMR Spectrometer
A NMR spectrometer consists of three major parts, a transmitter, an antenna, 
and a receiver. Since an in depth explanation of each of these is available in standard 
publications,47,48 only a brief description will be presented here. A description of the 
magnet and data acquisition equipment will also be presented.
An NMR spectrometer is very similar in operation to a radio broadcasting net­
work. The transmitter section produces a radio frequency (rl) signal which is-sent to 
the antenna section (the probe in this case ) via coaxial lines. The returning rf signal 
is picked up by the receiver and heterodyned down to audio frequencies, typically 
hundreds of hertz.
2.0.1 Transmitter
The transmitter section of our super-heterodyned pulse spectrometer consists of 
a crystal controlled coherent rf  synthesizer (.1 to 160 MHz), a transmitter assembly 
containing rf phasing and gating components, and pulse generators. The rf  phasing 
and gating are done at an intermediate frequency of 30 M H z obtained from a fixed 30 
Mhz output on th e . synthesizer. The 30 M Hz signal is heterodyned with the 
synthesizer’s tuneable output (10 dBm) at 30 MHz +fu to produce the properly phased 
and gated rf signal at f0 . This rf signal is preamplified by an ENI class A amplifier to 
approximately 30 watts. The signal is then amplified to 200 watts by a home-modified 
TTI class C amplifier and then sent to the tuned probe via 50 ohm triaxial line (double 
shielded coaxial line).
A 52 M Hz bandpasss filter is used just before the ENI to remove noise and 
spurious heterodyne outputs due to the mixing elements in the transmitter assembly.
6
7A high pass filter follows llie ENI to remove any low frequency noise generated by 
the ENI . In addition to rf filters, several crossed diodes arc placed after the 'IT l 
amplifier to reduce noise output49 and hence, increase transmitter to receiver isolation 
during the transmitter off-time.
Both manually and computer operated home-built pulse generators are used to 
produce the necessary liming for pulse lengths and delays. The pulse generators con­
trol the gating of the transmitter assembly section.
2.0.2. Receiver
The receiver section of the spectrometer consists of a preamplifier, a frequency 
mixer, an intermediate frequency (IF) amplifier, and a phase sensitive detector. The 
NMR sample generates a signal at fQ + Af (i.e. near fn) which is preamplified at fo + 
Af, and is then heterodyned in a single sideband mixer producing a signal at 30-Af 
Mhz. This in turn is amplified in the variable gain IF amplifier and then phase sensi­
tive detected49 to produce an in phase and quadrature audio signal at Af. The delected 
signals are then low-pass filtered in a variable RC network setting the receiver 
bandwidth, and sent to the transient digitizer.
Due to the sensitivity of the receiver input ( typically it amplifies signals at the 
microvolt level), the receiver input stage should always be isolated from the 
transmitter section, especially when the transmitter is pulsed on.49 Typical transmitter 
pulse voltages are of the order of 100 volts and result in receiver " deadlime ", due to 
amplifier saturation and ringing of LC circuits of the probe. The deadlime persists 
after the pulse is applied and obscures the initial part of the NMR signal. The dcad- 
time can be minimized by turning the receiver off during the pulse and by using 
crossed diodes at the receiver preamplifier input.49 The receiver deadtime for these 
experiments is typically 10-20 microseconds. Since the line shapes measured were of 
the order of 250 KHz wide, it was necessary to look at echoes instead of free induc­
tion decays (FID ) since FID S were obscured by the receiver deadtime.
82.0.3. Data Acquisition
A Biomation 2805M transient digitizer was used to digitize the dual audio fre­
quency signals. The maximum conversion rate was 5 M Hz with a memory size of 2048 
8-bit words per channel. Only the first half of memory of each channel was 
transferred to the Apple II microcomputer for signal averaging and data storage. In 
addition to data acquisition, the Apple II could also control the pulse liming 
sequences via a computer hook up to the pulse generators. The experimental data 
were stored on diskettes for permanent record. The Apple II was also used for data 
analysis and theoretical computations.
2.0.4. Magnet
The magnet used in the following experiments was an 8.0 Tesla Oxford super­
conducting solenoid with a two inch room temperature bore. Superconducting shim 
coils provided homogeneity improvement. The magnet was replenished with liquid 
helium every five days to keep the coils superconducting. Liquid nitrogen was also 
used as a cryogcn in the outside jacket which surrounded the inner He dewar and was 
filled every 1 or 2 days. Liquid helium storage dewars (~100 liters) were hoisted onto a 
hydraulic lift dolly and then positioned approximately 1 meter from the magnet filling 
port which exited vertically from the top of the magnet. Care was taken with the 
placement of the dolly and storage dewar near the magnet to avoid the risk of the 
steel dolly being attracted to the magnet. A vacuum jacketed stainless steel transfer 
tube was used for the liquid helium transfers. During transfers, the transfer tube was 
precooled by inserting the storage dewar side of the tube in the dewar until it reached 
the liquid helium level. The exiting gas was dumped into the room until the gas stream 
became more dense and appeared to be light blue in color. This indicated that liquid 
helium was then coming through the tube. The magnet side of the transfer line was 
then inserted into the magnet fill port. The fill time was approximately 30 minutes with 
a pressure of 45 inches of water on the storage dewar. The pressure was maintained 
by an external helium gas cylinder and regulator hosed to the storage dewar. When the 
magnet was full the transfer line was then removed and the magnet fill port was 
resealed. Twenty liters was the amount typically required for each refill.
9The magnet field stability and spatial homogeneity remained constant over the 
experimental time span of about six months. Periodic measurements of the field 
strength were performed using a D 0O sample in the experimental probe. Field drift 
was approximately 800 hertz over the entire time span. Most of the drift occurred dur­
ing the first few weeks after the initial cool down of the magnet.
2.0.5 Probe and Matching Network
The NMR probe consists of a handwound coil in an LC tank circuit combined 
with a rf matching network for efficient coupling to the transmitter and receiver,4R>4  ^
The function of the probe is two-fold. First, it delivers rf power to the sample in the 
form of an oscillating magnetic field H ,, and secondly, it serves as a receiving antenna 
which picks up the NMR signal (precessing magnetization).49
The double duty of the single coil as the transmitter and receiver antenna poses 
problems for the receiver section.49 The receiver is designed to amplify signals at the 
microvolt level. But the transmitter pulses are of the order of hundreds of volts. 
H ence the receiver must be isolated from the transmitter during rf pulsing.49 This is 
accomplished by placing shunt diodes at the input of the receiver preamplifier. The 
diodes turn on during transmitting pulses (>.6voIts) and arc off for small signals.48 
Hence, they act like automatic switches for large and small signals. Further isolation 
was accomplished during the off lime of the transmitter by placing diodes in series 
with the transmitter directly after the main power amplifier. This reduces broadband 
noise seen by the receiver which is emitted by the power amplifier even during its off 
stale.
The probe circuit consists of a LC parallel resonant tank circuit. 49 The parallel 
circuit has a high impedance at the resonance condition o;'LC=l, where L is the 
inductance of the NMR coil, C is the parallel capacitance, and U) is 2tt times the 
NMR frequency f0. Typical Q values for the circuit are s  100,49 where Q, the quality 
factor of the tank circuit, is defined as Q=a/L/R ,48 R is the ohmic resistance of the 
coil (measured at fc, generally larger than its dc resistance).
Values for the rotating field H, range between 50 to 100 gauss. The strength of
10
the rotating field 1I( is given by
H 1* 3 ( P Q /V < ) 1'2.
I* is the power in watts of the transmitter, Q is the quality factor of the circuit , V is 
the volume of the NMR coil, and ojo is the resonance frequency. For a given 
transmitter power output, Ihe easiest way to produce large IIj fields is to reduce the 
sample coil volume. This was necessary in the following experiments in order to pro­
duce reasonable tt/ 2 pulse times. The NMR sample coils were of the order of .125 
inches in diameter and .250 inches long.
To insure that the maximum amount of power possible is transmitted to the 
probe during a pulse (also maximizes the received signal), the high impedance lank 
circuit (5000 ohms at resonance) must be impedance matched to the transmitter and 
receiver, i.e., to 50 ohms.4S»4y This is accomplished using capacitive coupling to the 
tank circuit. By appropriate choices of both the tuning and coupling capacitors, the 
probe coil is transformed to 50 ohms resistive at the input for the desired frequency.48 
Typical capacitive values used arc 10 to 100 picofarads; the usual inductance for NMR 
coils is 1 to 3 //henries. To avoid spurious acoustic signals from the probe com­
ponents, care must be taken in the choice of capacitors and design of the NMR coil. 
Before each experiment was performed, care was taken to tune the probe and check 
for coherent and incoherent rf  noise.
The homebuilt rf probe had two Johanson quartz trimmer capacitors which 
served as the variable tuning and coupling capacitors for the rf  tank circuit. Addi­
tional fixed capacitors were used when needed. All NMR coils were handwound and 
epoxied to maintain their rigidity. T he probe body consisted of a copper pipe 1.5 
inches in diameter and approximately 4 inches in length. Both ends of the probe body 
were capped off with copper plate disks. The rf circuitry including the coil was sup­
ported by ihe top cap. The tuning and coupling capacitors protruded through the top 
of the cap along with a BNC connector that provided the rf input to the probe. The 
probe body had a 3/16 inch hole drilled into the side of the tube so the sample could 
be inserted into the probe and into the NMR coil. The sample could then be oriented 
with respect to the magnetic field H 0 without taking the probe apart. Scribe marks
11
every 5° were placed on the side of the probe body and indicated the orientation of 
the sample with respect to the magnetic field H 0.
2.0.6 Hysteresis Electronics
A homebnilt ferroelectric hysteresis measuring device was used for studying hys­
teresis loops of samples. A schematic diagram of the hysteresis measuring electron­
ics is shown in figure 2.1.
The positive and negative voltages were supplied by Fluke and Power Design 
high voltage power supplies. Typical voltages used in running the hysteresis loop pol­
ing scans ranged between 1.5 to 3.0 Kv, To stiffen the output voltages of the supply, 
the homebnilt circuit included a 1.0 /ifarad shunt capacitor on the hi voltage input.
During a hysteresis loop run, the voltage applied to the sample is monitored at 
the x output where it is divided down by 1000 to 1. A  measuring capacitor (10 //f) in 
series with the sample capacitance is used to measure the polarization (or charge) 
developed on the sample. A  manual grounding switch is in shunt with the reference 
capacitor in order to drain off charge when desired. A neon bulb is included as a 
safely precaution, limiting the voltage across the measuring capacitor. The charge 
developed across the sample is measured by monitoring the voltage drop across the 10 
pi standard capacilor with a high impedance voltmeter (»1013fl). A  buffered output on 
the voltmeter provides a y output. A n electric field vs. polarization plot is produced 
by sending the x and y outputs to a plotter.
2.1. Sample Preparation
Deuterated samples of poly(vinylidene fluoride), PVF-,-D-,, (hompolymer) and a 
copolymer of poly(vinylidene fluoride) and tetrafluoroethylene, PVF.,—F^E, were 
obtained in powder form from Dr. Ted Cais of Bell Labs. The homopolymer powder 
came in two different molecular weights, 147 mg of high molecular weight material 
and 438 mg of a low molecular weight sample. These molecular weights proved to be 
much higher and much lower than the molecular weights normally found in the com­
mercially available protonated PVF.,.50 The deuterated material therefore exhibited 
different pressing, stretching, and poling characteristics. As a result it was very
-o
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difficult to produce poled samples of the homopolymer.
The copolymer ou the other hand had similar processing characteristics to the 
commercial PVF, and consequently it was relatively easy to produce poled films.50
The film making process will be described below along with the difficulties due to 
the low and high molecular weight characteristics.
2.1.1. Pressing films51
The basic procedure in making the films involved simultaneously heating and 
pressing the powder in a hydraulic press. Approximately 6 mg of powder was placed 
between two 2 mil thick sheets of Kapton (polycarbonate film). A thinner sheet of 
kapton with the center removed was also placed between the two outside sheets and 
served as a shim to gauge the final thickness of the film. This assembly was then 
placed in a temperature regulated hydraulic press where the temperature and pressure 
could be controlled. The press was heated just below the melting point of the powder
(190°C-homopoIym er,160°C-copolymer)1 and then pressure was slowly applied to
• * the sandwiched sheets. When the pressure was ~ 4000 lbs/in.“, the press was quickly
released and the pancaked sheets were removed and allowed to cool down to room 
temperature. Then the kapton sheets were peeled away leaving a circular film varying 
from 25 to 75 microns thick and 4 to 6 cm in diameter. Control samples of commer­
cial, prolonaled material were first attempted to insure that the procedure to be used 
would give satisfactory results. Several films of commercial PVF, were successfully 
pressed and stretched using the procedure described above.
2.1.2. Low Molecular Weight Film51
The low molecular weight (m.w.) homopolymer was used for the first attcmpl in 
making a deuterated pressed film. The low m.w. films proved to be impossible to 
make due to their flow and stretch characteristics. The melt viscosity of the powder 
was so low that the material flowed almost like water when heated. This produced 
films so thin that it was impossible to peel them from the Kapton sheets without tear­
ing. In addition, the films cooled to form a very brittle structure and were not malle­
able like the commercial material. Stretching the films was impossible. Consequently,
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no films wore made from the low m.w. homopolymer.
2.1.3. High Molecular Weight Film.51
The high molecular weight material had the opposite problem of the low molecu­
lar weight films. The melt viscosity was so high that a considerable amount oT pres­
sure (6000 lbs/in.") was required to pancake the film. However, the films were malle­
able enough to peel from the Kapton sheets without tearing or otherwise damaging the 
films. Due to the poor flow characteristics, the melt would develop small air pockets 
in the films even after pressing. The density inhomogeneity of the cooled films made it 
very difficult to produce stretched, poled samples.
2.1.4. Stretching Films51
The final stage in the film making process involved stretching the pressed films 
on a Nystron stretching machine. The films were first cut into strips approximately 4-6 
cm by .5-1.5 cm. A temperature regulated chamber kept the films at 85° C during the 
stretching process. Films were placed in retracting jaws and stretched at a rate of .1 
inches per minute. The homopolymer films attained a 3:1 stretch ratio. After stretch­
ing, the films were cooled to room temperature while under tension and then 
removed.
The high molecular weight homopoymer material was very difficult to stretch due 
to its high shear strength. Many of the films tore in half instead of stretching like the 
commercial protonated material. Most of the problems encountered with stretching 
the high m.w. films were due to air pockets and density inhomogeneity in the pressed 
films. Uneven stretching would occur around the air pockets and thin spots and the 
films would eventually tear. A fter numerous attempts, a few high m.w. homopolymer 
stretched films were finally produced. Their final thicknesses ranged between 12 to 25 
microns and length varied between 3 to 8 cm.
2.1.5. Copolym er Film
The copolymer samples were far easier to produce than the homopolymcr films. 
The flow characteristics of the copolymer melt made it easy to press out smooth.
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homogeneous circular films. The cu( strips were easily stretched, attaining a 4:1 
stretch ratio forming homogeneous films approximately 25 microns thick.
2.2 Plating and Poling
2.2.1. Plating
The plating and poling process was done both at the National Bureau of Stan­
dards and at Washington University in St. Louis, M O.. All the films were evapora- 
tively plated with aluminum in an evacuated evaporation unit. The stretched films 
were placed between two aluminum masks and plated with approximately 1000 
angstroms of aluminum on both sides. A  small area around the perimeter of the film 
was left unplated to prevent electrical arcing around the edge during the poling pro­
cess. Care was taken to prevent radiative heating of the films during the plating pro­
cess.
2.2.2. Poling
The poling process involved running electrical hysteresis experiments on the 
stretched samples, i.e., measuring polarization vs. electrical field strength. The fer­
roelectric films are polarized by application of a  large electric field.1 The electrical 
connection to the films was provided by small copper leads which were silver epoxied 
to the plated aluminum surface. The samples were submerged in silicone oil to 
prevent electrical arcing around the sample edge. Preliminary trials of poling with the 
samples exposed to air were unsuccessful due to an edge arcing effect. At NBS, a 
digital, high voltage (10 Kv) power supply was used to produce the large electric 
fields. A homcbuilt charge-measuring device was used to measure the polarization as 
a function of the applied electric field. The voltage source was sinusoidally driven at a 
repetition rale of one cycle per 100 seconds. Signals proportional to the applied vol­
tage and accumulated charge were sent to a plotter which produced hysteresis 
diagrams.
The poling process at Washington University was performed using the hysteresis 
box already described in section 2.0.6.. A 3 Kv power supply provided the necessary
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voltage. The voltage was varied by turning the knobs in 100 voll increments. There 
was no difference between hysteresis loops run on the two different rigs. Both setups 
gave reproducible and reliable results.
The most reliable indication that samples were successfully poled was the meas­
urement of remnant polarization from the hysteresis plots. The values typically meas­
ured on commercial films range from 5 to 10 //coulombs per cm *.1,6,8,24,27 The deu-
terated films showed lower remnant polarization values ranging between 1 to 3 
•>
//coulombs per cm '. We note that electric breakdown would sometimes occur in the 
films due density inhomogcneity before full hysteresis curves could develop. This 
could be the reason for the lower values of polarization in both the PVF-, and 
PVF,—F„E films.
Two other methods of measuring polarization were utilized at the National 
Bureau of Standards: a light pulse technique and a thermal pulse measurement which 
made use of both the piezo-pyro electrical properties of 1*VF,. 52 Both methods 
confirmed that the films were poled.
C hapter III
MATERIAL BACKGROUND
3.0 General Information
PoIy(vinylidene fluoride) and ils copolymers have been the focus of extensive 
research, their conformational and electrical properties having been studied by several 
techniques: x-ray10-16,29’31,53 and infrared analysis, 1,7‘8’17'20 and electron and Raman 
spectroscopy .1 The crystal structure and electrical properties of PVF, are well docu­
mented and will be reviewed below. Since very extensive reviews exist, 1 the discus­
sion below will be brief and general in nature. The discussion will locus mainly on 
the particular crystalline phase /?, since it is the /? phase that exhibits special electrical 
properties and hence, was the crystalline structure studied in this research. Polariza­
tion theories will also be discussed along with experimental evidence for each.
3.1 A m orphous Phase
The monomer unit of poly(vinylidene fluoride) is C H ,C F,. The homopolymer,
PVFn, and its various copolymer blends form approximately a 50/50 mix of crystalline
/amorphous components. The root mean square length of the amorphous chains is
2 1/2approximately 65 nm, i.e., < r  > o «  65 nm , for a typical molecular weight of one 
million.54 Below the glass transition (-60° C), the motion of the amorphous chains arc 
substantially reduced and freeze into disordered configurations.1,6 Due to the rela­
tively unrestricted motion of the amorphous chains at room temperature ,55 the amor­
phous component is thought to contribute very little to the macroscopic electrical pro­
perties of the polymer .1
3.2 Crystalline Phases
The piezo-pyro electrical properties of the polymer are a direct consequence of
its four crystalline structures. Each crystalline structure shows varying amounts of
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electrical activity, ranging from the most active polymorph, the electrically polar ft 
phase, to the three relatively inactive polymorphs, the a , 7 , and 6 phases.
3.2,1 a  Phase
The most common polymorph, the a  phase, is obtained by crystallization from 
the melt .1 The unit cell has orthorhombic symmetry, dimensions a=4.96, b=9.64, 
c=4.62 ang., and contains four molecules per unit cell. 1 Though the monomer unit 
itself has an electrical dipole moment, the unit cell shows 110 net dipole moment due 
to the antiparallel packing of the chains (sec figure 3.1). The c - axis repeal distance is 
consistent with a cis-tranx conformation. 1 Though the a  phase is formed from the 
melt, it can be transformed to the polar ft  phase by various mechanical deformations 
o f  the film .1,6,15
3.2.2. ft  Phase
The ft  -phase is obtained from melt-crystallizcd films by mechanical deformation 
such as stretching or rolling, or by application of large electric fields (200 M v/m eter) .1 
The unit cell contains two molecules in orthorhombic symmetry with lattice constants 
a=8.45, b=4.88, c=2.55 ang . .1 The unit cell is shown in figure 3.2. The repeat distance 
along the c-axis is uniquely characteristic of an all iranx conformation .1 In contrast to 
the antiparallel arrangement in the a  phase, the ft  phase structure contains two 
dipoles in the unit cell whose moments arc parallel to the b-axis, giving rise to a net 
polarization per unit cell. 1 The dipole moment of an individual monomer unit of the 
/3-chains is T.OxlO”30 coulombs-cm and lies normal to the chain axis.1
When a film is formed from the melt, the resulting a  phase crystallites grow to 
form spherulites, with the b-axis emerging in the radial direction .1 The c-axcs of the 
crystallites lie normal to the sphcrulite. The spherulites have diameters of approxi­
mately 100 microns and thicknesses of the order of 100 angstroms, depending on the 
growth conditions .1
Stretching melt-cryslalizcd films by approximately 400% induces the transforma­
tion to the ft  phase and is accompanied by a preferential alignment of the crystallite 
c-axis along the stretch direction .*1’1-1 X-ray diffraction, electron microscopy and
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Figure 3.1 : Unit cell of ot-PVF2.
Note the antiparallel packing of dipole 
moment vectors.
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Figure 3.2 : Unit cell of fl-PVF:.
Note the parallel alignment of the dipole 
moment vectors.
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electron diffraction, and infrared spectroscopy, as well as our own NMR results 
confirm chain axis alignment along the stretch axis.1 A simple minded model has the 
crystallites suspended in a matrix of amorphous chains, with the crystallites attached 
to each other by connecting chains .6'^1 When the film is stretched, the chains exert 
tension along the e-axes in the crystallites, thereby elongating the crystallites along the 
c-axis.R6.56 T |1C elongation is accompanied by the rotation of carbon-carbon bonds 
along the molecular backbone. The a  to /? transition is then simply described as a 
rotation of cis to irons configuration about every other bond .1
The crystalline component of the copolymer PV F,—F^F occurs in the 'i> phase 
structure directly from the melt.1 57 The monomer units CF4 occur every 5 or 6 
monomer lengths on the PVF, chain .1 The reason that the copolymer blend forms 
into the (3 phase directly from the melt is thought to be due to steric effects associated 
with the van der Waals radii of fluorine (1.35 ang.) and hydrogen (1.2 ang . ) .1 We note 
that if a monomer unit in the PVF, /9-structure was reversed by 180°, this would actu­
ally relieve some of the stress on the fluorine side of the chain due Jo the nearly over­
lapping van der Waals radii of the fluorines.1 But a similar reversal in the a  phase 
would in fact create more strain because it would put the fluorines even closer 
together (.4 ang.) than the sum of their van der Waals radii.1 So the lowest energy 
conformation for the copolymer form is the P  phase. We note that the copolymer still 
has randomly oriented b-axes and consequently shows no electrical activity until it is 
poled .1 The electrical properties of the copolymer are the same as the homopolymer , 1 
so the discussion to follow pertains to both materials. We add that the PVF, mono­
mer units of the copolymer blends were deuteralcd in the following experiments.
3.2.3 Electrical Properties
The electrical properties of PVF,, piezoelectricity and pyroelectricily, are direct 
consequences of its ferroelectric nature .1 A material is piezoelectric if a mechanical 
deformation induces a change in the macroscopic polarization .1 Pyroelectrical activity 
is characterized by a change in polarization due to a change in temperature . 1 Though 
some theories have suggested that the trapping of real charges during the poling pro­
cess might be responsible for the electrical activity,*1 the most widely held view is that 
PVF, is a ferroelectric material: a material that contains electrically polar crystals giv­
ing rise to a macroscopic polarization that can be reversed by application of an elec­
tric field. The reorientation process however is still not clearly under- 
s lo o d .J .4 ,8,14.16.20,29,32
3.3 Polarization Theories
Several reorientation theories have been proposed to explain the polarization 
behavior at the microscopic level.1,26,29 One of the first models proposed suggested a 
180° rotation of dipoles about the chain axis via a kink propagation down the chain .1 
But recent calculations show that such a reorientation process would take substantially 
longer than is experimentally seen .1,28
A more plausible model which is consistent with the pseudohexagonal packing of 
the molecular chains, suggests that the reorientation of the dipolar monomer unit 
takes place in 60° increments .1,26,29 The model is supported by results from x-ray 
experiments on rolled, uniaxially stretched films. 15,16 In these experiments the total 
scattering intensity was measured as a function of the angle between the scattering 
plane and the direction normal to the film. Both poled and nonpoled samples were 
investigated. The reflected intensity showed an angular dependence in poled films 
which was not evident in the unpoled material. The reflected intensity varied periodi­
cally every 60°. It was concluded that the poling process does reorient the molecular 
dipoles of the unit cells. A 6-site potential well model was used to calculate an angu­
lar distribution function for dipole orientation about the c-axis as a function o f  applied 
electric field.15 A theoretical value for the macroscopic polarization was calculated
using the distribution function and a fit to the x-ray data on poled films. The theoreti­
cal value was in good agreement with the experimentally measured value. 15 A similar 
6-site potential well cooperative model has yielded theoretical hysteresis curves similar 
to experimentally observed hysteresis plots .26,56
Another experiment supporting dipole reorientation utilizes infrared spectros­
copy .20 In these experiments, infrared transmittance through the film at 512 cm -1 and 
446 cm -1 show hysteresis type behavior as a function of the applied electric field. The 
transition moment at 512 cm 1 is oriented along the dipole moment of the CF, dipole. 
The transition moment at 446 cm -1 is perpendicular to the dipole moment. Both tran­
sitions are due to C F  stretching motion . As the dipoles arc reoriented by an applied 
electric field, the infrared absorption varies in magnitude as the transition moments 
are reoriented from parallel to perpendicular with respect to the film surface. It 
should be noted that the variation between maximum and minimum transmission is 
only about 7 % .
In conclusion, experimental evidence clearly shows that the application of large 
electric fields induces dipolar reorientation in PVF, films. The current view is that 
the piezo-pyro electrical properties characterizing PVF, after it has been poled arc 
direct consequences of induced dipolar alignment due to the reorientation of the 
molecules and the creation of polarized domains .1 But it is not conclusive as to how 
and to what extent these reorientations take place. This work hopes to address these 
questions in a more conclusive manner.
C hapter IV
NMR THEORY
Preface
A short and concise review of the fundamental NMR interactions pertinent to 
the following experiments are presented. The discussion will follow the general format 
presented by Abragam .33 Other references used include C.P. SUchler3'* and a treatise 
on quadrupolar interactions by Cohen and Reif .^6
4.0 Zeeman Interaction
The nucleus possesses a total magnetic moment fi and a total spin angular 
momentum J .  They are proportional to each other and the proportionality constant is 
a scalar, defined as the gyromagnetic ratio , 7  :33
/ i = 7 J .
We also define a dimensionless angular momentum operator I by
j = n i .
The application of a large magnetic field H produces a Zeeman interaction with the 
nucleus and the Hamiltonian is given by
If the field H is taken to be along the 2 axis, the Hamiltonian becomes
H — 7 KH0I,.
The allowed energies are given by3,1
E — 7 liH0m m = 1, 1- 1 , , , —I.
Transitions of Am = ±1 (the magnetic dipole selection rule) between the different
energy levels are induced by a time dependent interaction of angular frequency w,
where
w = 7 Ho.
24
25
4.0.1 Electric Quadrupolc Interaction
Nuclei with spin 1 >  1/2 have an electric quadrupolc moment due to a nonspheri- 
cal charge distribution within the nucleus itself.34 This nonsphcrical charge distribu­
tion interacts with electric field gradients (EFG ) at the nuclear site resulting in an 
orienlalionally dependent electrostatic interaction. The Hamiltonian is given by34' 4<i
" Q= ^ T )  <4-»
Q is called the quadrupolc moment of  the nucleus, e is the proton charge, and 
V„, V,,, and V arc the second partial derivatives of the potential at the nuclear site 
due to external charges. Equation 4.1 shows that only two parameters arc needed to 
characterize the derivatives of the potential, V2Z, and V —V . q and 77, referred to 
as the field gradient and the asymmetry’ parameter respectively, are commonly defined 
by the equations :34
^  z z
V - VXX vv
7/=-----------  .
V71
We can then rewrite the quadrupolar Hamiltonian as
l ( 3 i ; - r )  + 77(i;-i;)]. (4.2)
41(21-1) y
The potential V at the site of the nucleus is due to external charges, i.e., orbiting 
electrons or other nuclei. Since Vzz has a r-? radial dependence from point charges, 
the dominant EFG s are due the electrons closest to the nucleus. An exception to this 
would arise when there is a closed electron shell, then the charge distribution is spher­
ically symmetric and there is no quadrupolc coupling due to the atomic electron struc­
ture. Different types of atomic bonds give rise to different symmetries of charge distri­
bution and hence affect the magnitude and orientational properties of the quadrupo­
lar interaction. In many cases it is a good approximation to assume axial symmetry 
for the charge distribution near the nucleus. 7/ is then set to zero in Eq. 4.2.
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4.0.2 Quadrupolc Perturbation to a Strong Zeeman Interaction
Now we will consider the specific case of a quadrupolc interaction in the pres­
ence of a large Zeeman interaction. The quadrupolc interaction then becomes a per­
turbation to the Zeeman interaction. Assuming axial symmetry, the Hamiltonian can 
be written as
II = -T fiII  I + e2q ------——   ^ [3I‘-I(I+1)]. (4.3)
41(21-1) 2
where 0 is the angle between the magnetic field II0 and the unique principal axis of 
the F.FG. For the specific case of spin 1, the different energy levels become :
E_j = o/0Ii + e2q — P2(cos 0)
4
E0= ~ e ‘q — P,(cos0) (4.4)
, Q
E +1 -  - (x"cn + C_<I_  P2(CO!i°)
4
where
3cos“0 - l
P ,(c o s0 )= -------------
o
is the second Legendre polynomial. The NMR transition frequency with respect to 
the center resonance a; becomes
co= too± a;oP,(cosf20 (4.5)
where
3e"qQ
The plus and minus refer to ihe E0-> E_j and E +] - » E 0 transitions respectively.
The effect of the quadrupole interaction on the Zeeman splittings is shown in 
figure 4.1.. Two characteristics of the perturbation should be noted. First, the shift of 
the +m and -m levels are the same. Second and most importantly, the magnitude of 
the splittings are orientationally dependent. Spectral absorption in the NMR line will 
occur at different frequencies for different values o f  P,(cos0), i.e., different orienta­
tions of the EFG  unique principal axis with respect to the magnetic field H n. In the 
specific case (as applies here) where the EFG is due to intramolecular charge
2?
m = -I
tO0 = Jf Wc
m =  o
m = I
"ho-Vi +  f t  t ^ a  P z
I
\
t i u )0 -
 i
Z  tOe? ^  (cose-)
60©
Figure 4.1 : Quadrupolar perturbation to the Zeeman interaction 
and the orientationaily dependent splitting.
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distribution and the unique principal axis is stationary in the reference frame of the 
molecule, the line shape can provide a quantitative measure of the orientational pro­
perties of the molecule at the microscopic level.
4.1 Line Shapes
As mentioned above, the EFGs are due to both the local charges (orbiting elec­
trons) and the neighboring nuclei in the molecule.34 It commonly occurs that the 
E F G ’s unique principal axis is collincar with a specific bond axis involving the 
resonating nucleus.34 This is the case with the carbon-deuterium bond where the sp3 
hybridized bond results in an axially symmetric EFG  with the unique principal axis of 
the EFG tensor lying along the bond axis. In this case 77 = 0 and the bond axis and the 
symmetry axis of the EFG tensor are one and the same. So in the discussion to fol­
low, the quadrupolc interaction will be discussed in terms of the angle between the C- 
D  bond axis and the magnetic field.
The NMR frequency is a function of the angle between the bond axis and the 
magnetic field. In general, the bond axes are oriented over a range of angles, depend­
ing upon the physical problem being addressed. So in order to calculate the spectrum, 
we define an orientational probability density function P(fi), that character­
izes the orientational distribution of C-D bond directions. P(fl) df] is the probability 
that a C-D bond axis lies in the incremental solid angle df) centered around the solid 
angle fi. This is easy to see pictorially on a unit sphere. We choose the north pole to 
lie along the magnetic field. We represent the C-D bond as a vector whose tip falls on 
the unit sphere at some angle Then P(H) dfl is then the number of points
lying on the unit sphere in the solid area d n = d ( c o s 0)d^, about the solid angle H.
In the discussion above, we have picked the north pole to lie along the magnetic 
field. This is an arbitrary choice which simplifies the expression for the quadrupolar 
interaction. 0 in Eq. 4.5 and 0 in P(fi) above arc identical and the NMR frequency is 
degenerate for all <f>. If we had not picked the unique axis to lie along H o, but some 
other direction, say along the crystalline axis of a single crystal, it would be necessary 
to take the dot product between the vector II,, and each bond vector to get the orien-
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talionai dependence of the quadrupolc interaction, i.e., the cos"(0) term. Then, the 
interaction would depend upon two different angles, O' and We address this issue 
to forewarn the reader that in section 6 .0 , the north pole axis will be defined by the 
stretch direction of PVF2 and not the magnetic field. Hence the definitions of the 
angles 0 and <f> will neeeessarily be different than in the above discussion. In the next 
section we will assume three different orientational distribution functions P(fi) for the 
bond axes and calculate the NMR spectrum for each. We also choose I I0 to point 
along the north pole to simplify the equations and to make the examples more 
straightforward.
4.1.1. Single Crystal
Consider a hypothetical single crystal containing C-D bonds which are all 
oriented at the same angle with respect to an arbitrary crystalline axis. The crystal 
itself is oriented at some angle with respect to the magnetic field I I0. Then all the 
bonds make an identical angle with H 0, .eg. 0JC. The orientational parameter P,(cos0) 
has the same value for all the spins
3cos“0sc -  1
P„(cos0)=----------------- . 4.6
o
For a spin 1 system, we have two resonance frequencies corresponding to the
E0—*■ E_jand E +1 •-* E0 
transitions. The resonance frequencies are given by Eq.4.5 :
Kc = Wo±W0 P2(COSU  
The NMR spectrum of the single crystal contains two lines , one shifted up in fre­
quency and the other line down in frequency. The splitting is given by 
2xcoQP2(cos0s(;) and is centered about iki  ^ (fig. 4.1).
The condition that all bonds make an identical angle to H u is equivalent to saying 
that P(ft) is a delta function on our unit sphere, i.e., all the vector tips lie at one poim 
on the sphere.
The most important thing to note is that the resonance frequency (or splitting) is 
a function of bond orientation. The orientational dependence of the resonance line
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position is contained in the orientational parameter P,(cos0) which ranges from +1 to 
-1/2 as 0 is varied from 0° to 90°. As the single crystal is reoriented, the splitting
different angles with respect to the field, there will be more than one set of lines 
corresponding to different C’-D bond orientations. In the limit of numerous randomly 
oriented crystallites, the NMR spectrum is called a powder pattern ,3-'*-3M<5.58
4.1.2 Powder Pattern
rise to randomly oriented carbon-dcuterium bonds. As before, we represent the 
bonds as vectors whose tips fall on the surface of the unit sphere. Randomly oriented 
bonds correspond to having randomly oriented vectors. It is equally likely to have the 
vector tips fall on one part of the sphere as on any other part of the unit sphere. The 
powder pattern then is characterized by a distribution that is constant over the sphere 
(P(f2) = 1 or 1/4“). Choosing H 0 along the north pole, each point corresponds to a 
definite relative orientation to the magnetic field and hence to a definite resonant fre­
quency .59 According to Eq. 4.5 the orientationally dependent frequency is a function
Using the equation above we draw curves of constant frequency on our unit sphere 
(figure 4.2) .15
The NMR spectrum is the superposition of lines from all the nuclei from all the 
crystallites in the sample. F o r  ease of calculation, we will consider only one of the 
transitions in our spin 1, three level system, E0—+E_,. The intensity I (cu) of the spec­
trum when integrated over arbitrary limits u/H to is proportional to the number of 
spins that lie in the interval a; —»(jLi’b.59 This means that it is proportional to the area 
on the sphere between the curves of constant frequency U)n and (*.’b times the probabil­
ity of finding a bond oriented between these curves :59
varies according to a cos‘0 function. If there exist other crystallites oriented at
A powder consists of numerous randomly oriented single crystals.59 This gives
of 0 only;59
u / ^ u ^ i  a/a P,(cos0).
p(fi)d n 4.7
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Figure 4.2 : Lines o f constant u  on the unit sphere.'
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For a powder, P(fi) is a constant over the entire sphere. After integrating over all $  
we have :59
J*/(ur)d£*/= N J '  sinfldt? 4.8
, . aren  b e tw eenGd
and  w*s*k
where N is a unimportant normalization factor. The integration over 0 is performed 
using 00 defined by Eq. 4.6 as the new integration variable. With
(3cos‘0 - l )
w = w 0 +u>Q
as the new integration variable we have :
r  , . n  r  duj
J  l(w)d(w) -  — —  J ---------------------- f 4.9
Since Eq.4.9 is valid for arbitrary values of a;o and arb, the integrands can be 
equated:59.
N 1 WQ
I(oo)=----------------------------------------- o o - -----  < oo< w+ 2con 4.10
V 3 i  2 “  "  °
[— (w- mo)+ 1] 2
U}q
Figure 4.3 shows the NMR spectrum 7(iur) for an isotropic powder. The intensity
WQ
units are arbitrary. We see that the integrand diverges for oo— —  .
2
The above derivation has considered only one of the transitions for the spin 1, 
3-level system. The complete spectrum is the sum of the line shapes obtained by con­
sidering both the m =  - 1 —*-0 and 0 —*+1 transitions. We realize from the discussion 
in section 4.1 that we need only to sum the powder pattern in fig. 4.3 with its mirror 
image reflected about coo to obtain the entire spectrum. Figure 4.4 shows the entire 
line shape expected for our spin 1, 3-Ievel system. The intensity units in both plots are
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arbitrary.
4.J.3. Fiber pattern
The last general line shape we will discuss is the fiber pattern.35,37,45,59 hs 
consider the unit sphere with the bonds oriented with their vector tips distributed uni­
formly in <j> but all lying on the equator. Instead of choosing the magnetic field 
oriented along the north pole, we now choose it to lie in the plane of the equator, 
0H = 90°. This is the orientational geometry that gives rise to the fiber pattern spec­
trum. It is called a fiber pattern because it is frequently seen in polymer materials that 
have been stretched creating alignment of molecular chains along the direction of the 
draw. If there was perfect alignment of chain axes along the stretch direction, all the 
bond vectors would lie in the equatorial plane o f  our unit sphere. We note this 
assumes that the bonds are oriented 90° to the chain axis. This corresponds to a delta 
function in P(0) for 8 = 90°. We assume the bonds are oriented uniformly in the 
plane. We mention that this not need be the case. In the next section in fact we will 
assign some orientational probability for the distribution of bonds in the plane about 
the stretch axis.
The spectrum for the fiber pattern geometry is then calculated by assuming a 
delta function for P(0) peaked at 90°. In figures 4.5(a-j) we show a sequence of line 
shapes starting with the field oriented at 0°. The bonds arc oriented in a thin pancake 
about the equator. A s the field is rotated down from 0H = 0° to <?H = 90°, the single 
splitting eventually develops into the classic fiber pattern, figure 4.5j. These figures 
correspond to a uniform distribution in <£. In section 7.0 we will present more fiber 
patterns but they will have different functional forms for both the 8 and <f> distribu­
tions.
4.2 Experimental Techniques and Pulse Sequences
As was mentioned in chapter 3, PVF, and its copolymers exhibit ferroelectric 
properties which are thought to be due to the reorientation of electric dipoles in the 
unit cell. We have undertaken a line shape study of deulerated samples in order to 
examine the process of reorientation and to investigate to what extent dipole
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Figure 4.3 : The above spectrum is a simulated line shape 
which is calculated for the single NMR transition 
m  = 1 —■ 0 assuming randomly oriented bond vectors, 
i.e., a powder pattern. The maxiumum frequency width 
is approximately 164 Khz. The intensity is arbitrary.
Figure 4.4 : The spectrum above is the symmetrized 
and summed version of the single transition 
spectra in fig.4.3i This spectra is the full 
powder pattern with a maximum splitting of 
s  250 Khz. The intensity scale is arbritary.
- 36
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Figures 4.5(a-j) : Simualted line shapes calculated assuming 
a pancake distribution for the bond vectors 
about the equator.
The sequence of spectra start with 0„ = 0"
in figure 4.5a and progresses to 0„ -  9 ( f  in figure 4.5j.
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reorientation occurs. Both poled and unpoled samples of the homopolymer (PVF,) 
and copolymer (PVF2- F 4E) were examined at room temperature. The NMR pulse 
sequences will be described below followed by an analysis of experimental line 
shapes.
4.2.1 Pulse Sequences
The line shapes are derived from fast fourier transforms (FFT) of quadrupolar 
echoes.3^’41*4- ’44,6® The quadrupolar echo3  ^ pulse sequence involves two consecutive
7T . o
rf pulses phase shifted by 90 with respect to each other. The pulse sequence,
2
7T 7T
— ~ T — — —  r  — echo, contains two pulses separated by a waiting time r which is *■) -*L v\ 1 y
of the order of 20 /tseconds. The first pulse is phase inverted on odd cycles in order 
to subtract out any coherent noise in the received signal. The echo, which oscillates in 
sign with the phase of the first pulse, is multiplied by -1 on the odd cycle. When an 
even number of cycles are summed, the echoes will add and any coherent noise will 
be subtracted out.
The first pulse rotates the magnetization (at equilibrium along z-axis) into the x-y 
plane where it dephases due to the interaction of the nuclear electric quadrupolc 
moment with local E F G ’s and spin-spin interactions. Dephasing in the transverse 
plane produces a free induction decay (FID) following the first pulse. The like-spin 
dipole-dipole interaction (dcutcrium-deuteriuin) and unlike-spin dipole-dipole interac­
tion (deutcrium-fiuorine) cause dephasing but these are small compared to the 
quadrupole-EFG interactions.33’4- The lines are inhomogeneously quadrupolar 
broadened.36-37,42,-15
We can visualize the dephasing process in the following way. A spin situated in a 
molecule whose unique symmetry axis is at a specific angle to H 0 has a different 
resonant frequency than another spin whose molecule is oriented at a different angle 
with respect to H Q. When these spins arc rotated into the transverse plane, they will 
process at their respective frequencies and dephasc. If the molecules are static, the 
spins maintain their respective frequencies and the FID quickly decays in a time
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comparable to the inverse of the rigid lattice line width (250 Khz). If the molecules
are undergoing reorientations, the quadrupolar interactions and hence frequencies will
change. In the extreme limit where the reorientations are very fast, all the spins will j
see the same average interaction and thus the same average frequency. In this case,
the magnetization in the transverse plane will not dephase due to quadrnpolar-HFG ;
interactions. 1
The quadrupolar Hamiltonian can be divided into static secular and stochastic,
. «  Ilime dependent contributions.-”  The dephasing due to the time dependenl interactions ;
cannot be "time reversed”; these interactions cause decay of the quadrupolar echo
amplitude. The quadrupolar pulse sequence described above refocuses the static
interactions, forming an echo.35,42 The first pulse rotates the magnetization in the x-y
plane where it dephases according to HQ. After a waiting time r, the second pulse is
applied, phase shifted by 90°, effectively reversing the quadrupolar interaction and
producing a quadrupolar echo. The echo can be thought of as two FIDs back to
back. The magnetization increases along the appropriate direction in the transverse
plane, goes through a maximum forming the peak of the echo and then dephases once
again. This makes it easy to select the t=0 point of the F ID  at the lop of the echo.
We mention that the experimental line shapes are artificially symmetrized. This 
entails replacing the imaginary portion in the time domain with zeroes.44 That is, the 
quadrature channel of the data has been zeroed after the appropriate phasing has 
been performed. The line shapes were first inspected without the symmetrization p ro­
cess to insure that they were in fact symmetric about the center frequency w,. The 
purpose of symmetrizing was to increase the signal to noise ratio in the final spectra.
In addition to PVF, and PVFa—F4E  line shapes, several runs were made on 
powder samples of deuterated biphenyl and polyethylene to investigate the bandwidth 
of the receiver section and the transmitter pulses. The F F r  of quadrupolar echoes 
produced powder pattern line shapes which agree very well with a calculated powder 
pattern spectra. We especially note that the intensity in the wings of the experimental 
line shapes show no indication of instrumental reduction due to limited bandwidth of 
the receiver, probe, or rf pulses.
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4.2.2 Short and Long T, Discrimination
When quadrupolar echoes were initially run on both the homo- and co-polymer 
samples, it was discovered that the amorphous and crystalline parts of the films had 
different longitudinal relaxation times, T ln and T Jc. The amorphous component had a 
much shorter relaxation time, T la ~ .02 seconds, compared to the crystalline T lc, 
which was of the order of 4 seconds. The NMR signals from the two different com­
ponents were distinguished in the following way.
The separation of the amorphous and crystalline contributions was performed 
using short and long recycle times. Each quadrupole pulse sequence (90.^ - r -  90v) 
was preceded with a long saturation pulse (sal). The saturation pulse assures that the 
z-magnetization is initially zero every time the pulse sequence is initialed. The entire 
pulse sequence is then given by
sat -  t - 9 0  T -  9CI xx y
When the time t is set at 20 seconds, contributions from both the amorphous and cry­
stalline components are collected in the echo since this is longer than either T r  At 
shorter times (t = .1 sec.), however, the only contribution to the signal is from the 
amorphous component. The crystalline component is still saturated and does not con­
tribute to the echo. So by varying the time t we can select a composite signal and an 
amorphous signal. By taking a series of scans with long t times and then the same 
number of scans with short t times, the two sets of scans can be subtracted from each 
other to isolate the crystalline contribution to the line shape. We note that the subtrac­
tion can be done in either the frequency or time domain. Both give identical results. 
The data presented here is subtracted in frequency domain.
Not only were the T j’s different for the two components but the line shapes of 
the amorphous and cystalline components were also different. The amorphous com ­
ponent of the polymer is made up of chains undergoing fast reorientations. Deuterium 
spins on these chains see a rapidly fluctuating quadrupole interaction due to the fast 
reorientations o f  chain segments. A s discussed above, these spins see an averaged 
quadrupole interaction and hence the spins in the amorphous component produce a 
motionally narrowed NMR spectrum.36"1- The chains in the crystalline component on
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the other hand do not under go fast reorientations and hence the deuterium in the cry­
stalline region see relatively static quadrupolar interactions. The NMR line from these 
spins are fully quadrupolar-broadcned. It was possible then to distinguish the two 
different contributions to the composite NMR line by visual examination. The motion- 
ally narrowed amorphous component showed up as a narrowed hump in the NMR 
spectrum symmetrically positioned about (^.36,38.40 crystalline component gave 
rise to a fully broadened pattern. As expected, the subtracted "crystalline only" spec­
tra did not contain the feature associated with the amorphous component.
The line shapes of both deuterated homopolymer and copolymer samples have 
been studied as a function of film orientation with respect to the static magnetic field 
H 0. We will discuss the line shapes of stretched samples (poled and poled) and then 
compare these results to simulated line shapes.
Figures 4.6(a,b) show the typical geometry of the experiments performed on 
both the poled and unpoled stretched PVF, and P V F ,-F 4E  samples. In the first set 
of experiments, the sample stretch axis (3) was initially situated parallel to the mag­
netic field and then the film was rotated in 10° increments about the 1 axis until the 
magnetic field was along the 2 axis. The magnetic field was always in the 2-3 plane 
during the rotation.
In the second set of experiments, the field was initially parallel to the 1 axis of 
the film and the film was rotated in 10° increments about the stretch direction (3 axis) 
until the field was parallel to the 2 axis.
At each orientation, 500 scans were averaged together using the long recycle 
sequence outlined above. This was followed by 500 scans using the short recycle 
sequence.
4-2
NMR
Figure 4.6(a-b): Orientations of experimental films in the NMR coil.
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C hap ter V
COMPUTER SIMULATIONS
5.0 Simulation Models
Computer simulations of the quadrupolar broadened deuterium NMR lines were 
made using two different models. Both simulations were based on the same method 
for calculating the NMR spectra. The line shapes can be calculated analytically but 
this can be very difficult.37' 1,2 A simpler approach is to do the direct calculation of the 
quadrupolar splitting for a given magnetic field direction, summing the partial spectra 
over a distribution of bond orientations. A given distribution o f  C-D bond orienta­
tions will then correspond to a certain density distribution of discrete points over the 
unit sphere. Once the orientation of the magnetic field is specified (by polar co­
ordinates the quadrupolar splitting is calculated for each point on the sphere.
The intensity of the spectrum for a certain splitting value is directly proportional to 
the number of points on the sphere that give rise to that splitting. By comparison of 
experimental spectra to simulated line shapes using different density distributions, we 
can characterize the actual distribution o f  bond orientations in the experimental sam­
ples. In both simulations, the stretch axis was defined to lie along the north pole of 
the unit sphere. Polar co-ordinates arc measured with respect to the stretch direction 
for both the poled and unpoled samples.
5.0.1. First Simulation Model
In the first set of simulations, approximately 16,000 points were chosen on the 
unit sphere by specifying 90 6  points (0 to 180 every 2°) and 360 <j) points (0 to 360 
every 1°) (see fig. 5.1). We note that this distribution does not cover the unit sphere 
with an even density of points. The north and south poles are more densely covered 
(i.e. in points per unit of surface area) than the region on the equator. To  correct for
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Figure 5.1 : First simulation model geometry. I
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this, an area weighting function (awf) was used to properly weight the intensity of
cos(0j)-cos(fl,)
each point on the sphere. The function awf is given by , the area of
no. of <f)'s
the band about 0 divided by the number of s in that band. The intensity of each 
point was therefore corrected so that it represented unit intensity per unit area on the 
sphere. The next step involved assuming various orientational density distribution 
functions in 0 and </>, given by f(#) and g(<j>) for the bond orientations. The total inten­
sity for a point (#,</;) is then given by the product, I(0,</») = awf(0) x f(0) X g(<^). We 
note that f(0) = 1 and g ((■>) = 1 corresponds to the case of an isotropic powder. 'I'he 
final line shape is developed for various orientations of the magnetic field by calculat­
ing the quadrupolar splitting for each point on the sphere. The quadrupolar interac­
tion gives the corresponding frequency position in the NMR line. Once Ihe position 
in the frequency spectrum is known, the appropriate !(#,</>) intensity is assigned to 
that position in the line. This is performed for all points on the sphere and the intensi­
ties are summed.
The above program produces a stick spectrum for only one of the NMR transi­
tions (for m = +1 —*• 0 specifically). The entire NMR spectrum is a superposition of 
both the m = +1 -+ 0 and 0 —*■ -1  transitions. The entire spectrum was obtained by 
symmetrizing the line shape from a single transition about the center resonant fre­
quency, c T o  realistically simulate the experimental data, the simulated spectra 
were gaussian broadened by convolution. Every point in each spectrum was replaced 
with a gaussian (FW l/eM  = 6 kHz) whose height was equal to the intensity at that 
point. The chosen amount of broadening was estimated from the experimental data. 
The homogeneous broadening is due to the dipole-dipole interactions of the deuterium
19nuclei with each other and the F  nuclei.
5.0.2 Second Simulation Model
The second set of simulations used a different approach to generate the bond 
orientation distribution. Instead of assuming an orientational distribution for the bond 
directions themselves, the orientation of the chain axes about the north pole was 
specified. This model produces more closely the physics of the stretched samples (sec
A
X
Figure 5.2 : Second simulation model geometry.
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fig 5.2). As was mentioned before, when the polymer is stretched the chain axes are 
aligned in the stretch direction. The C'-D bonds and the dipole moment vectors are 
perpendicular to the chain axis and can be thought to form a pancake about the chain 
axis. In this model it is necessary to specify three angles to uniquely define the 
geometry. The orientation of the chain axis is given by 0 and <}> and a final angle a  
specifies the orientation of the the dipole moment vector in the pancake with respect 
to angle 0 = 0 .  We recall that the dipole moment vector lies along the vectorial sum 
of the two C-D bonds and that the angle between the bonds is 109.5°. We incorporate 
this into the model by defining the vector oriented at a  in the pancake as the direction 
of the dipole moment. The bonds are then at cv± 54.75°. As in the first simulation, 9 
and <f) are incremented in 1° degree steps. O' is incremented in 1° steps from 0° to 
360°. As before, the intensity of the points on the unit sphere specifying the chain 
axis orientation is multiplied by the area weighting function so all orientations are 
properly weighted.
The orientational distribution function f(9) now refers to the probability per unit 
solid angle of finding a chain axis oriented at 9 about the north pole, i.e., about the 
stretch direction. Perfect alignment o f  the chain axis would correspond to having all 
the bonds tying on the equator. f(0) in this case would be a delta function at the north 
pole. In the next section, we will consider a few different functional forms for f  and 
compare this with the experimental line shapes. Given the chain axis orientation 
(9,<j>) and the angle a ,  we can calculate the angle of orientation for the corresponding 
dipole moment vector and C-D bonds in the pancake. Inspection of the quadrupolar 
interaction shows that only the direction cosines of the bonds with x,y,z axes are 
needed to determine the frequency splittings. Once we have the appropriate splitting, 
we assign the calculated spectral weight to that position in the line consistent with the 
probability function chosen.
We note that even though both of the models above reproduce the major 
features of the experimental line shapes, the second model imitates the physical sys­
tem more closely. We can sec this by considering for both models a gaussian distribu­
tion for fi{9). In the first model, a gaussian distribution for bond orientations would
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would correspond lo having the bonds peaked in intensity on the equator (this is for 
nearly ideal alignment of chain axes). The density of points would fall off uniformly 
according lo the gaussian function as one moves away from the equator. In the 
second model however a gaussian distribution for the chain axes does not necessarily 
yield a gaussian distribution of bonds about the equator. Consider just one chain axis 
oriented at 0 = 5° with </; = 0°. The corresponding pancake lilted from the equator by 
5° contains C-D bond axes from 0 = 85° to 90°, depending on the value of <^ . Thus a 
specific chain orientation 6  gives a distribution of bond orientations in 0 ; a gaussian 
distribution of chain axes orientations will give a more complicated distribution of 
bond orientations 6 . Hence, the two models give different results. But the difference 
is slight when the sum over many <£’s is taken. The following discussion will refer to 
the second model since it is the more physical, but it should be kept in mind that the 
first model gives almost indistinguishable results.
Simulating the effect of poling is not as straightforward as reproducing the 
stretching effect. In the simulation above, we assumed the dipole moment vectors to 
be lying in the pancake with their orientation angles given by cr. The C-D bond vectors 
are located at a  ± 54.75°. We define the polarization axis to be along the x-axis (see 
figure 5.2); this simulates the application of a dc electric field perpendicular to the 
plane of the film and orthogonal to the stretch direction. The azimuthal co-ordinate 
of the dipole moment vector is defined to be <f>'. The function g(<ff) now refers to the 
probability of finding the x-y plane projection of the polarization vector oriented at 
some angle <// with respect to the applied electric field. Note that g should be unity for 
a uniform distribution of dipole moment vectors about the chain axis.
To combine the effects of stretching and poling, the total intensity is just given 
by the product o f  f with g ; I(stretched,poled)= awf(0,0) x  f(B) x  g{4>)- Several 
different functional forms were tried for both f  and g. These results will be presented 
below along with a comparison to our experimental results.
C hapter VI
EXPERIMENTAL RESULTS AND DISCUSSION
6.0 Experimental Results on Chain Axis Orientations
We begin by considering stretched samples of both homopolymer and copolymer 
films. For the convenience of the reader, figures 6.1 through 6.10 have been gathered 
together at the end of the text. We first draw attention lo the general features of the 
experimental line shapes in figures 6.1(a-j), and 6.2(a-j). These are from the runs on 
the poled homopolymer and unpoled copolymer films respectively. The figure in both 
sequences has the magnetic field oriented along the stretch direction 0H = 0°. The 
sequence progresses with the field eventually oriented perpendicular to the stretch 
direction. In both sets of data a single splitting occurs when 0H = 0°. We deduce 
from this feature that virtually all the C-D bonds have the same value of P,(cos(fl)) 
corresponding to 6  as 90°. We recall that the splitting is given by Eq.4.5 :
o j 1 = 0 Jo ± P2(cos0). 4.5
As the field is rotated away from the stretch direction, the intensity in the peaks is
redistributed and eventually at #H =  90° the line shapes exhibit the features of a classi­
cal fiber pattern (section (4.1.3)).
These are the general features we would expect in a sample where the C-D 
bonds are perpendicular to the chain axes and the chain axes arc aligned along the 
stretch direction. The single splitting occurs when all the bond angles are 90° with
. -1
respect to the field. rI he value of P , is — . From the splitting we measure the quadru-
polar interaction strength ivQ to be »  124 kHz. This agrees very well with measure­
ments of the quadrupolar interaction in the C-D bond in other polymers (e.g. PM MA, 
polyethylene) ,35*3fi’43
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If wc had perfect alignment of the chain axes after stretching we would expect 
the line shape to be very sharply peaked in figure 6.1-a and figure 6.2-a. These spectra 
show however more broadening than can be accounted for by dipole - dipole interac­
tions. The non-zero intensity between the two peaks in both spectra comes from 
bonds that arc not at 90° to the field. This can only occur if some of the chain axes in 
the sample are not aligned along the stretch direction. We assume all the C’-D bonds 
are oriented 90° to the chain axis and hence any bonds not perpendicular to the field 
must be due to non-aligned chain axes.
In figure (6.1 -j) wc have labeled the frequency axis with the corresponding angle 
a bond would have lo make with the field in order to resonate at that position in the 
spectrum. Zero splitting occurs at the magic angle, 54.7.°. The two inside peaks occur
where P, is equal to ± —, corresponding to angles 35.26° and 90°. The outside peaks
2
occur for bonds oriented parallel to the field.
As the field is rotated away from the stretch direction, the intensity at the per­
pendicular edge in both spectra decreases and the area between the peaks begins to 
fill. This process occurs more rapidly fo r  the homopolymer. At 0,, =  30°, its center 
region has filled considerably compared lo the copolymer spectrum. This indicates 
that the chain axes in the homopolymcr are not aligned as well as they are in the 
copolymer films. As mentioned above, the central region of the spectrum is sensitive 
lo bonds oriented between «  35° and 90°. A broader distribution in orientations for 
the chain axes about the stretch direction produces a broader distribution of C-D 
bond angles. This result is consistent with the fact that the homopolymer film was 
very difficult to stretch and that the homopolymer stretch ratio was 3/1, compared to 
4/1 for the copolymer film.
Near 0H -  40° for the homopolymcr and 0H = 50° for the copolymer, shoulders 
start developing just outside the perpendicular edges in both spectra. This indicates 
that some bond axes are oriented at angles less than 35° to the field. A s the field is 
rotated further the edges of the shoulders slowly move out and increase in intensity 
until they reach a splitting corresponding to parallel orientations. The intensity at both
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the parallel and perpendicular edges have discontinuities (cusps) reflecting a liber type 
configuration.
6.1 Simulation Results on Chain Axis Orientations
We were able to reproduce these general features in model simulations with the 
appropriate choice of T{0) for the chain axis distributions. We assume for the moment 
that g(^') is unity. Figures 6.3(a-j) and 6.4(a-j) arc to be compared to the homopoly­
mer and copolymer spectra in figures 6.1(a-j) and 6.2(a-j), respectively.
Figures 6.3(a-j) and 6.4(a-j) arc simulated line shapes with a gaussian distribution 
for the spread of chain axes about the stretch direction, i.e., f(0) = exp—(O'fA(F). In 
these particular sequences A# = 18" and 22° respectively. Several other values of A() 
(H W l/cM ) were tried but the above values gave the best agreement with experiment. 
The criterion for the choice of the functional form of f{()) was its ability to reproduce 
the general features of the line shapes in the previous discussion. Several other func­
tional forms for f were tried and although they gave rough agreement with experiment 
the gaussian distributions did a better job of reproducing the data. It was mentioned 
earlier that the rate at which the center part of the spectrum fills as 0H goes from 0° 
to 90° is the property that characterizes the spread in bond orientations. The choices 
for AO above in both simulations reproduce this characteristic very well. The flu = 0 
line shapes in both simulations start out with the appropriate amount of intensity at 
angles greater than » 35°, i.e., the area between the peaks. Note that the homopoly­
mcr simulation has more intensity in the center of the spectrum reflecting the wider 
distribution of chain axis orientations.
As the field is rotated toward field orientation 0lt = 90°, the peaks reduce in 
intensity at about the same rate as in the experimental data. The central region in the 
simulated line shapes fig. 6.3 (copolymer simulation) begins to increase substantially 
near l?H = 20° and levels out at &H = 40°. This agrees qualitatively with the experimen­
tal results. The homopolymer line shapes (experimental and simulated) are very simi­
lar in character but the filling process starts at lower angles, i .e .,10° to 30°, due to the 
lesser extent of chain axis alignment.
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When the field reaches the perpendicular orientation = 90", both simulations 
approximate the fiber pattern and arc consistent with experimental results. Since there 
are some bonds which are oriented to the north and south of the equator, the line 
shapes at 0H = 90° are not true fiber patterns (all bonds in the equatorial plane). The 
parallel edges are not as high in intensity as in the case for a fiber pattern ; however, 
the perpendicular edges remain unchanged. We note again that the dipole moment 
vectors are distributed uniformly about the chain axis in the simulations discussed 
above, 6.3(a-j) and 6.4(a-j).
6.3 Experimental Results on b-Axis Orientation
We will now examine the effect that poling has on the line shapes of both the 
homopolymer and copolymer films. We remind the reader that the copolymer sample 
sustained a polarization of ~ 3.0 //coulombs per cnT. This is about 60% of the polari­
zation normally found in commercial films. The homopolymer on the otherhand
* • j-k ** *showed a lower polarization of « 1.0 //coulombs per cm" due to problems outlined in 
section 2.1.3.. We have measured the polarization from our dielectric hysteresis 
loops and thermal light pulse techniques. We assume that the films remained poled 
throughout the experiments. The extent to which the samples were poled is central to 
the discussion to follow.
We begin by studying the spectra of the unpoled copolymer (figure 6.5(a-j)). The 
magnetic field is initially aligned along the +x direction (<f>u = 0) and is rotated lo 
<f)H = 90°. Upon inspecting the sequence from (j> = 0° to 90°, we conclude that the gen­
eral features of the line shapes are not dependent on the orientation of the magnetic 
field. The cusps at the parallel and perpendicular edges do not vary in intensity as the 
field is rotated and the central region remains reasonably unchanged throughout the 
run. This is what we would expect for a uniform distribution of bond angles about the 
stretch axis. We note that even if the 6-site model proposed in section 3.0 is an accu­
rate description of the physical system, we expect before poling that all orientations 
would be equally probable resulting in a uniform distribution in O ur deuterium 
NMR data indicate that the stretching process does not produce a preferred orienta­
tion for the dipole moment axis. X-ray studies on protonated stretched films also
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show a uniform distribution in (V.1 Our results independently support this observation. 
We note that rolled material does have a preferred orientation even before poling, 
according lo x-ray results.1
We now turn to the poled homopolymer and copolymer spectra, figures 6.6(a-j) 
and 6.7(a-j) respectively, ( ’lose examination o f  the homopolymcr spectra show very 
little line shape variation as the field orientation is changed. We do not find this 
surprising in light of the poor poling conditions. We can only conclude that if the sam­
ples were poled , the poling process was not observable in the line shapes. We will 
discuss the consequences of this below in conjunction with the observations on the 
poled copolymer.
Close examination of figures 6.6(a-j) and figures 6-7(a-j) indicate that both sets of 
line shapes are independent of the orientation of the magnetic field. Though there are 
slight variations in the relative intensity between some of the spectra, the general 
features are not functions of the orientation o f  the magnetic field. We note that the 
intensity at the parallel edge of the spectrum is proportional to the number of bonds 
oriented parallel to the magnetic field. It is therefore very sensitive to any variation in 
the distribution function g(</;'). We conclude that the reorientations taking place as a 
result of poling could not be seen with NMR line shape studies in our samples. Wc 
stress that our line shapes are only sensitive to the / = 2 parts of the distribution func­
tion g(<£')- This is due to the nature of the quadrupolar interaction:
i t  /  rm\ ^co s \ 0 ) -  1P,(cos(0)) = ----------------- .
A reorientation of a bond by 180° would not be detectable since 
cos(i9) = -cos(f?+180°) and this goes into the above equation as the square. If the 
reorientations take place via 180° Hips we would not be able to see this in our line 
shape data.
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6.4 Simulation Results on b-axis Orientations
X-ray diffraclometry experiments on rolled and poled films report a non-uniform 
distribution function for g(<A’) .12 They define g(t//) as ;
It is important to note that their measurements as well as ours are only sensitive to 
the even terms in the above expansion. From their results they report that the p=l 
term in the above expansion is by far the largest contribution in the series with a value 
of «  .8 for the coefficient. This is for a film rolled and then poled at » 800 Kv/cm at 
100°C.12 Wc note that this is comparable to the poling field used on our copolymer 
sample.
In order to make a quantitative comparison between our results and the x-ray 
data, we have run simulations with their g(d’) given by the above equation. To insure 
consistency with previous results, f(0) is given by a gaussian; the H W l/eM  is 18°. 
These are presented in Figures 6.8(a-j), 6.9(a-j) and 6.10(a-j). In the first two sets of 
simulations we present = 1 + Acos(2<£') with different values for A . In the first 
sequence, (fig 6.8) A = .8 and in the second set of spectra (fig. 6.9) A=.5. Changes 
in the general features of the tine shapes as a function of field orientation are detect­
able in all the runs. In figure 6.8(a-j) for instance, the perpendicular edges are much 
higher than the parallel edges for </>H = 0. A s the field approaches <£,, = 90°, the inten­
sity in the perpendicular edges is transported into the parallel edges. This is the 
characterizing feature of this particular functional form of g. Clearly our line shapes 
do not reflect this behavior. Several other values of A were tried in the simulations in 
order to characterize the trend seen in the line shapes for different A ’s. We estimate 
an upper limit for A for the experimental spectra : A <  0.2.
The last set of figures (fig. 6.10(a-j)) are the line shapes obtained when gfcV) has
00
with
f7T/2 for p = 0
ll/7T<cos(2p<V)> lor p >  1
the following l’unclioiuil dependence;
(1, -30° <  <// <+30°
g  =  |
10, everywhere else.
This distribution function corresponds to the maximum polarization possible in the 6- 
site reorientation m o d e l . W e  assume that the initial distribution in <■>' is uniform 
before poling. Then the maximum polarization occurs when all the dipole moments 
arc oriented within ± 30° of the applied field (i.e. as close as they can get). The simu­
lation clearly does not reproduce the data.
In conclusion, we have found the orientational distribution function for the 
dipole moments in poled homopolymer and copolymer samples to be uniform in 
terms of even I variations. Simulated line shape studies were found to be sensitive to 
orientational distribution functions derived from experimental x-ray data. lint the 
NMR experimental line shapes show no such behavior. If reorientations occurred by 
180° flips in our samples, this would be consistent with our data. In general. NMR is 
insensitive to odd 1 components of the g(<■>'); we remark that dielectric polarization is 
an / = 1 quantity, involving the projection of the dipole vector onto the electric field.
C hap ter VII
CONCLUSIONS
7.0 Conclusions
NMR line shape studies of deuleraled poIy(vinylidene lluoride) and its copolymer 
po!y(vinylidene lluoride - telrafluoroethylcne) (80-20) are presented. The films were 
prepared at the National Bureau of Standards where powder samples obtained from 
Bell Lahs were pressed into films, stretched and poled. Hysteresis loops obtained 
while poling indicate that the homopolymer (stretched 3/1) retained a polarization of 
s  1.0 /(-coulombs/ cm". The copolymer (stretched 4/1) retained a more substantial 
polarization (3.0 //-coulombs/cnT) and produced hysteresis loops resembling those of 
commercial protonated samples. The polarization of both samples was also measured 
with a light pulse technique, confirming the hysteresis measurements.
The orientational distribution of carbon-deulerium bonds in both poled and 
unpoled samples were studied utilizing the quadrupolar interaction of the nucleus with 
the EFG of the C-D bond in the presence of an external magnetic field. The angular 
dependence of the quadrupolar interaction as a function of the magnetic orientation 
enabled us lo measure the distribution of bond orientations. The orientational distri­
bution functions for both the chain axis orientation, f((/), and dipole moment (polar 
b-axis) orientation, g((//), were measured for both the poled and unpoled samples.
Homopolymer experimental results give besl agreement with simulated spectra 
using a gaussian distribution for f(0) with H W l/eM  value of 22°. f(0) for the copoly­
mer is also a gaussian but with a H W l/eM  value of only 18°, reflecting a better align­
ment of the chain axes along the stretch direction.
The effects of poling on the dipole moment orientational distribution were also 
measured. The experimental line shapes indicated uniform distributions of dipole
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moments about the chain axes both before ami after poling. This is in contrast to X- 
ray results which have found an orientational distribution function given by, 
g(6 ') = 1 + .8cos(<V) (for a well poled material) for the b-axis distribution. Simula­
tion programs which used this particular g(<A') produced line shapes with pronounced 
(f>H dependence. We conclude therefore that if our samples were characterized by the 
same distribution function as found in the x-ray samples, we would have been able to 
see this in our line shape studies. However, no such variations were observed. Func­
tional forms for g consistent with the 6-silc model were also used in our simulation 
programs and the resulting line shapes did not resemble the experimental results.
We note that a reorientation process which proceeds by 180° flips is not delect­
able in our experiments due to the / = 2 symmetry of the quadrupolar interaction. 
The x-ray work is also insensitive to 180° reorientations.
Finally, we stress that wc are comparing results on deulerated films lo experi­
mental results on commercially bulk produced protonated films. This must be taken 
into consideration since the bulk properties of the deuterated material are unknown. 
We do not believe that significant differences occur because of isotope effects, but 
because of unavoidable differences in the preparation techniques. The obvious pro­
cedure would be to perform the NMR and x-ray experiments on identical samples. 
However, the NMR interactions studied here are specific lo deuterons. We are 
exploring the possibility of x-ray examination of the deuterated samples.
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Figure-6, l(a-j)
Experimental line shapes of poled homopolymer PVFZ as a function of field 
orientation. The sequence of spectra start with $H = 0° in figure 6.1-a and 
progresses to 0H = 90 in figure 6.1-j. tf>H = 0° in all runs. All intensities are nor­
malized.
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Figure-6.2(a-j)
Experimental fine shapes of unpoled copolymer as a function of field orientation. 
The sequence of spectra starto with $H = 0  in figure 6.2-a and progresses to 
0H = 90 in figure 6.2-j. <f>H = 0 in all runs. All intensities are normalized.
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Figure-6.3(a-j)
Simulated line shapes with a gaussian distribution for f(0). H M l/eM  = 18°. The 
distribution in <f) is uniform , g(^) = 1. T he sequence of spectra start with 
0H ** 0° in figure 6.3-a and  progresses to 0H = 90° in figure 6.3-j. <f>H = 0° in all 
n ins. These simulated line shapes should be com pared to figures 6 .2(a-j). All 
intensities are norm alized.
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Figure-6.5(a-j)
Experimental line shapes o f unpoled copolymer as a function o f field orienta­
tion. The sequence o f spectra start with (f>H = 0° in figure 6.5-a and progresses 
to 4>h = 90° in figure 6.5-j. 0H = 90° in all runs. There are essentially 110 
differences between the spectra. All intensities are normalized.
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Experimental line shapes o f poled copolym er as a function ol‘ field orientation. 
The sequence o f spectra start with <f>}, = 0 °  in figure 6.7-a and progresses to 
<j>n = 90o in figure 6.7-j. 0H = 90° in all runs. There are essentially no 
differences between the spectra. All intensities are normalized.
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Figure-6.8(a-j)
Simulated line shape with a  gaussian distribution lo r f($). H M l/eM  = 18°. The 
distribution in <j) is given by g(0) = 1 +.Scos(2<f>). T he sequence o f spectra start 
with <f>n -  0° in figure 6 .8-a and progresses to <j>n = 90° in figure 6.8-j. 0H = 0" 
in all runs. Note that the relative heights o f the cusps vary (see a and j for most 
prom inent effect). Intensities are norm alized.
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Simulated line shape with a gaussian distribution for f(0). H M l/eM  =18°. T he 
distribution in <f> is given by g(<6) ** I +.5cos{2<j>). The sequence of spectra start 
with <j>H = 0° in figure 6 .9-a and progresses to <j)H = 90° in figure 6.9-j. dH = 0 
in all runs. Note that the relative height o f the cusps vary (see a and j for most 
prom inent effect), but the variation is smaller than that in figure 6.8. Intensities 
are normalized.
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Simulated line shape with a gaussian distribution for f(0). H M l/eM  = IS " . The 
distribution in <f> is given by g ( ^ )  = 1 fo r - 3 0 "  < $ < 3 0 "  g  is zero everywhere else. 
This corresponds to com plete polarization in the 6-site m odel. The sequence of 
spectra start with <j>H = 0 °  in figure 6.10-a and progresses to <f)H = 9 0 "  in figure 
6.10-j. 6 H = 0 "  in all runs. The intensity in these runs were not normalized to 
the o ther spectra.
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